Electrolytic lesions aimed at the suprachiasmatic nuclei (SCN) were made in male Long-Evans rats. Body temperature (Tb), activity, and drinking were monitored continuously in a 12-h light:12-h dark (12:12 LD) cycle at an ambient temperature of 23&deg;C. Large SCN lesions eliminated activity and drinking rhythms and abolished or reduced the circadian rhythm of Tb. The Tb responses of the rats were measured in L after exposure to cold and injection of lipopolysaccharide (LPS), a fever-producing drug, and in both L and D during a 30-min exposure to a novel cage. Rats with SCN lesions (SCNX) maintained their Tb as well as did controls during 2-h exposure to 2&deg;C. They also showed the expected increases in Tb in response to novelty and LPS. Nevertheless, there were differences between SCNX rats and other rats. When measured 9 h after LPS injection, SCNX rats had lower Tb in D than did sham-lesioned or intact rats or rats with lesions that missed the SCN. This is not surprising; the Tb of SCNX rats does not go as high as that of intact rats in D. However, it was surprising that at night SCNX rats increased their Tb in response to novelty (lights on in the test situation), whereas normal rats did not. For some reason, light inhibits the Tb rise to novelty in normal rats but does not do so in rats with SCN lesions.
INTRODUCTION
Lesions of the suprachiasmatic nuclei (SCN) of the hypothalamus can permanently eliminate or weaken circadian patterns of behavior (for reviews, see Rusak and Zucker, 1979; Turek, 1994) . Despite the loss of rhythmicity, homeostatic aspects of behavior remain intact in rats with SCN lesions (SCNX). For instance, food and water intake and sleep/wake patterns are abolished after SCNX, but daily amounts of food eaten, water drunk, and sleep obtained stay the same (Ibuka et al., 1977; Stoynev et al., 1982; Trachsel et al., 1992) . Is this true in thermoregulation as well? There are reasons to expect that it might not be. Fuller et al. (1978) observed that squirrel monkeys kept in conditions of constant light were unable to defend their normal body temperature (Tb) during cold challenge. The authors explained this impairment of thermal homeostasis as the effect of internal desynchronization that occurred in an environment without time cues. Presumably, this would be internal desynchronization between the components of heat production and heat loss that normally are manifested in the circadian Tb rhythm (CTR) ; it should lead to a diminution of amplitude of the CTR. Indeed, this is what they found; in constant light conditions, the CTR free ran with a smaller amplitude between subjective day and night (Fuller et al., 1979) . Furthermore, 1. To whom all correspondence should be addressed. JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 12 No. 3, June 1997 226-234 @ 1997 Sage Publications, Inc. Satinoff et al. (1982) reported that lesions of the medial preoptic area, which impair reflexive thermoregulatory ability (Satinoff et al., 1976) , also produced large changes in the circadian rhythm of Tb. These observations suggest a strong functional connection between circadian and homeostatic components of the thermoregulatory system. Therefore, we might expect thermoregulatory mechanisms to malfunction after SCN ablation given that such lesions cause desynchronization of the Tb rhythm with other rhythms (Satinoff and Prosser,1988) and, if large enough, eliminate the circadian pattern of Tb entirely (Kittrell,1991) .
There are several ways in which to test homeostatic thermoregulatory functioning in endothermic animals. One is to subject animals to a cold or hot environment and measure their ability to maintain normal Tb. Another way is to test animals after challenge with factors that raise the level of regulated Tb, in other words, that cause fever. Still a third is to expose animals to a new situation. Rats placed in a novel environment show an increase in Tb (for a review, see Moltz, 1993) . This phenomenon, called &dquo;emotional fever&dquo; (Briese and Cabanac, 1980) , is not affecte A by the ambient temperature (Long et al., 1990a) and is partially blocked by inhibitors of prostaglandin synthesis (Singer et al., 1986) . It is therefore in several ways similar to the fever observed after injection of lipopolysaccharide (LPS), the pyrogenic product of gram-negative bacteria and the classic initiator of fever. Although induced by different factors, emotional and LPS fever are interpreted as the consequence of an upward shift of the set point of regulated Tb accompanied by a change in the thresholds for both heat conservation and heat production mechanisms (Briese and Cabanac, 1990) . This article examines the effects of SCN ablation and consequent arrhythmia on thermoregulatory responses to three different environmental factors: cold, novelty, and bacterial infection. We report here that SCNX, arrhythmic animals maintain their Tb during cold exposure, increase their Tb in response to novelty, and develop fever after challenge with bacterial product (LPS). Nevertheless there are intriguing differences between the responses of normal animals and and those of SCNX animals.
MATERIALS AND METHODS

General Design
Tb, activity, and drinking were continuously measured in rats for at least 3 weeks after SCN or sham lesions. Then the rats were placed in a novel environment for 30 min, once during the day and once at night. Then, 5 to 7 days later, they were exposed to cold for 2 h. After another week, they were injected with saline and LPS. Then the rats were sacrificed and lesion placement was verified.
Animals and Housing
Male hooded Long-Evans rats were bred in our animal facility and kept in virus-and antigen-free conditions. At the start of the experiments they were 3-4 months old and weighed 350-400 g. They were housed individually in Plexiglas cages (placed in isolated wooden boxes) in a 12-h light:12-h dark (12:12 LD) cycle (lights on at 7 a.m.) at an ambient temperature of 23 ± 1°C. Food and water were available ad libitum. Cages were changed and cleaned twice weekly between 11 a.m. and 2 p.m.
Surgery
Rats were anesthetized with a solution of ketamine HCI (87 mg/kg body weight [b.w.]) and xylazine (13 mg/kg b.w.) and implanted intraperitoneally (i.p.) with a battery-operated biotelemetry device (Model VM, Mini-Mitter Co., Sunriver, OR). They were then placed in a stereotaxic instrument, and bilateral anodal electrolytic lesions were made aimed at the SCN. The coordinates were anterior-posterior -0.5 mm from bregma, medial-lateral ± 0.1 mm from sagittal sinus, and dorso-ventral -9.2 mm from dura. A 2-mA current was passed for 20-30 sec on each side through a No. 00 steel insect pin insulated except for 0.5 mm at the tip. In sham-lesioned rats, the electrode was placed 0.5 mm above the SCN and no current was passed. After the operations, the animals were returned to their home cages and were not used in experiments for at least 3 weeks while their rhythms of Tb, drinking, and activity were monitored continuously. We also ran another control group of 6 intact male rats that were not subjected to any surgical procedures.
Because SCN lesions generally invade the optic chiasm, we were concerned that the rats might have been blinded. Therefore, 3 weeks postoperatively (just before the novelty tests), we checked the rats' vision by holding them by their midriffs and slowly moving them toward a table. All the rats exhibited appropriate anticipatory forepaw-placing reactions.
Histology
Lesion placement was confirmed histologically at the end of the experiments. We used Nissl staining (cresyl violet) and immunocytochemistry for both vasoactive intestinal polypeptide (VIP) and arginine vasopressin (AVP), peptides commonly found in the SCN. Lesions were considered complete when no neural cells were found around the damaged site between the wall of the enlarged ventricle and the gliosed area.
Lipopolysaccharide
Purified lyophilized phenol extract of Escherichia coli endotoxin (0111:B4, Sigma, Catalog No. L-2630, Lot No. 104H4033) was dissolved in sterile saline (Lyphomed). LPS was injected i.p. (0.1 mg/kg in 0.5 ml saline). The injection solution was prepared from the stock solution (1 mg LPS in 1 ml saline kept at -20°C) just before an experiment. Solutions of sterile saline in the same volume were used in control injections.
Data Collection and Analysis
Tb, activity (recorded either with the Mini-Mitter or in a jiggle cage), and drinking (through a drinkometer circuit) were monitored continuously through a peripheral processor (Dataquest III System) connected to an IBM personal computer. All data were stored on the hard disk every 10 min. To determine the presence of significant periodicities in the data, 10-day periodograms were used (Williams and Gottman, 1982) . Tb changes during cold exposure, during open field, and after LPS are presented as mean values ± SEM. A repeated-measures analysis of variance was used to determine the differences among groups over time.
Tukey's HSD test was used to determine the intergroup differences at particular time points or 1-h time windows in Experiment 3. The significance level was set at p < .05.
Experimental Procedure
Experiment 1: Novelty exposure to determine whether the body temperature of suprachiasmatic nuclei-lesioned rats increases in response to a novel environment. Rats were taken from their home cages, placed individually in a clear glass container (25 x 50 x 30 cm), and left undisturbed for 30 min. Ambient temperature was 23 ± 1°C, and lights were always on during the test. After 30 min, the rats were returned to their home cages. Tb was measured every 10 min before, during, and after exposure to novelty. All animals were tested in L (started 2 h after lights on) and D (started 2 h after lights off). Half the rats were tested first in L, and half were tested first in D. Two days separated the two tests. The container was washed down with water after each test. Experiment 2: Cold exposure to determine the ability of suprachiasmatic nuclei-lesioned rats to thermoregulate against cold. Animals previously exposed to novelty were left undisturbed in their home cages for at least 5 days. Then they were individually placed for 2 h in a temperature-controlled chamber set at 2 ± 1°C. To eliminate handling stress, rats were transferred to the cold chamber in their home cages. All cold exposures were performed during lights on between 9 a.m. and 3 p.m. Tb was recorded every 10 min.
Experiment 3: Injection of lipopolysaccharide to determine the effects of suprachiasmatic nuclei lesions on the ability to develop fever. At least 7 days after cold exposure, all animals were injected in their home cages, first with sterile saline and 2 days later with LPS (0.1 mg/kg b.w. i.p.). Rats were injected 3.0-3.5 h after lights on. Tb data were collected every 10 min. Fever latency was taken as the time at which Tb started to rise continuously to reach the peak. The height of fever was the maximum Tb after LPS injection during the light phase of CTR.
RESULTS
Circadian Rhythms of Body Temperature, Activity, and Drinking in Control, Missed, and Suprachiasmatic Nuclei-Lesioned Rats Figure 1 shows plots of data collected from representative animals from each of three experimental groups (control, missed, and SCNX). Figure 2 shows the corresponding periodograms.
All 12 control rats (6 nonlesioned and 6 sham lesioned) showed robust circadian rhythms of Tb, activity, and drinking. Because these groups did not differ in any respect on any measure, we combined them into one control group. In the missed group, 7 rats had lesions that completely missed the SCN and were mainly in the optic chiasm, and 1 had a partial SCN lesion. Tb, activity, and drinking rhythms were robust in all animals except the 1 with the partial SCN lesion Figure 1 . Computer-generated double plots of body temperature, activity, and drinking of 1 control (C 07), 1 missed (SCNX 124), and 3 suprachiasmatic nuclei-lesioned rats (SCNXs 117,115, and 130). Data are plotted in 10-min bins. Bins containing measures above the daily mean are plotted as dark lines, and those with measures below the daily mean are blank. Black bars at the top indicate the dark period. Vertical black lines on the left side of the plots indicate the 10-day period taken for the periodogram analyses in Fig. 2. (SCNX 124 in Figs. 1 and 2) in which the drinking rhythm was minimally significant at the circadian frequency.
In all 8 SCNX rats, activity and drinking rhythms were completely abolished. A disrupted CTR was still visible in 3 animals (e.g., SCNX 117 in Figs. 1 and 2 ). In the remaining 5 rats, there was no discernible CTR (e.g., SCNX 115 and 130 in Figs. 1 and 2 ). Experiment 1: SCNX rats increase their body temperature in response to a novel environment. Figure 3 shows the time course of Tb changes in response to a novelty test during the day (between 2 and 5 h after lights on).
Basal Tb levels did not differ among groups; at Time 0 (TO), control = 37.12 ± 0.08°C, missed = 37.11 ± 0.05°C, and SCNX = 37.14 ± 0.08°C. After 30-min exposure to the novel environment, Tb significantly increased in all groups; at T30, control = 38.79± 0.08°C, missed = Figure 2 . Periodograms of body temperature, activity, and drinking for the rats whose data are shown in Fig. 1 . The level of statistical significance (99.99% confidence interval) is represented by a horizontal line. SCNX = suprachiasmatic nuclei lesions.
38.78 ± 0.05°C, and SCNX = 38.74 ± 0.13°C (p < .001), compared to TO. At T30, the animals were returned to their home cages and Tb gradually decreased to preexposure levels.
When the response to novelty was tested during the night (Fig. 4 ; between 2 and 5 h after lights off), basal Tb of SCNX animals at TO (37.17 ± 0.12°C) was significantly lower than that of either control (38.10 ± 0.09°C) or missed (38.15 ± 0.12°C) groups (p < .05). By the end of the 30-min novelty test, only the SCNX rats had increased their Tb significantly, to 38.77 ± 0.16°C (p < .001 compared to Tb at TO); the Tb of control and missed rats (38.00 ± 0.11 and 38.25 ± 0.12°C, respectively) remained almost unchanged. The Tb of SCNX animals at T30 was significantly higher than those of control and missed animals (p < .05). After the rats were returned to their home cages, the Tb of the SCNX group returned to the pretest level by T120. Control Fig. 3 . v = values in suprachiasmatic nuclei-lesioned (SCNX) group different from control and missed rats (p < .05). Figure 5 . Body temperature changes after 2 h exposure to cold (2 ± 1°C). Before = body temperature level before test. After = body temperature after 2 h exposure. SCNX = suprachiasmatic nuclei lesions. and missed rats displayed normal variations in Tb, never going higher than baseline. By T180, the Tb of SCNX animals was significantly lower than those of the other two groups (p < .05).
Experiment 2: Suprachiasmatic nuclei-lesioned rats are able to thermoregulate against cold. Tb did not differ among groups either before or after 2 h exposure to cold (Fig. 5 ). At the beginning of cold exposure, Tb was 36.93 ± 0.10, 36.80 ± 0.09, and 37.11 ± 0.07°C for control, missed, and SCNX groups, respectively. After 2 h in the cold, Tb increased in all three groups: 37.28 ± 0.14°C (control), 37.54 ± 0.16°C (missed), and 37.52 ± 0.15°C (SCNX). Experiment 3: Suprachiasmatic nuclei-lesioned rats develop fever in response to bacterial pyrogen. Figure 6 shows the time course of Tb changes in rats injected with either saline or LPS. There were no significant differences between control and missed rats, so for clarity these groups are combined in the figure. Both vehicle and pyrogen were injected at TO, between 10:00 and 10:30 a.m. After LPS, all animals responded with a biphasic fever of similar latency (90-100 min) and a similar maximum Tb rise (38.72 ± 0.07, 38.9 ± 0.07, and 38.63 ± 0.07°C in control, missed, and SCNX rats, respectively, appearing between 350 and 370 min after LPS injection. Mean Tb did not differ among groups during most of the light phase (0-480 min after injection). However, by 30 min before lights off after LPS and by 30 min after lights off after saline, Tb was significantly lower in the SCNX rats than in the other two groups (p < .05).
Histology
The SCN were successfully ablated in 8 of 16 rats, based on both behavioral and histological observation. In all 8, activity and drinking rhythms were eliminated. In addition, 3 rats had a reduced but statistically significant 24-h component of Tb. These rats had welldefined lesions, encompassing all of the SCN and encroaching on the optic chiasm. The lesion of SCNX 117, whose data are shown in Figs. 1 and 2 slightly on the lateral anterior hypothalamus unilaterally Another had some retrochiasmatic and anterior hypothalamic damage, and the third had slight damage ventrally in the medial preoptic area. Of the remaining 5 rats, all had complete SCN damage. In addition, 2 had large lesions, damaging the medial preoptic area and the lateral hypothalamus. The remaining 3 had lesions that were indistinguishable in size from those of the rats with the reduced CTR. In 1 of these 3 rats, the lesions extended posteriorly to the arcuate nucleus. We did not find any cells that stained for VIP or AVP in brain sections from any of these animals, including the 3 with the reduced CTR.
The SCN were intact in 7 of the remaining rats. The lesions were rostral to the SCN, in the optic chiasm at the level of the anterior commissure and anteroventral preoptic nuclei (n = 3); unilaterally in the optic chiasm at the level of SCN (n = 2); or caudal to the SCN, dorsal to the ventromedial nuclei at the level of the median eminence (n = 2). In 1 rat, there was a partial unilateral SCN lesion extending to the optic chiasm.
DISCUSSION
Our results demonstrate that SCN lesions that eliminated circadian rhythms of drinking and activity, and that reduced or eliminated the CTR, did not affect three measures of homeostatic thermoregulatory responses. SCNX rats performed as well as did controls (intact, sham, and missed) in response to cold exposure, novelty, and bacterial infection. Nevertheless, there were differences between SCNX rats and the others. SCNX rats increased their Tb in response to novelty at night, whereas the other animals did not, and the Tb of SCNX rats was lower during the dark period after LPS injection. This latter effect can be explained by the lack of a CTR in SCNX rats. Both the latency and height of fever were the same in SCNX and intact rats. The time course of the febrile response was almost identical in all groups of animals except during the dark phase, when the level of Tb in SCNX rats was lower. SCNX rats have either no CTR or one that is greatly attenuated, and therefore they do not maintain higher Tb at night. The higher Tb level maintained in intact rats at night precluded a return of Tb to the daytime preinjection level.
The difference in Tb change between SCNX and other rats during exposure to novelty is not so easily explained. When tested at night, SCNX rats responded with a rise in Tb that was indistinguishable from that seen in the day. In controls, on the other hand, Tb did not change. Because at night the basal Tb of nonle-sioned rats was already high, this might be considered a &dquo;ceiling effect&dquo;; that is, Tb simply could not go higher. Because the Tb of SCNX rats was generally around 37°C and did not go much higher at night, there was more room for Tb to rise. However, the Tb of control rats could have risen higher; during the day after the novelty test, the Tb of control rats rose at least 0.75°C higher than their maximum Tb at night. There must be another factor that is reducing Tb in response to novelty in rats without SCN lesions. We can dismiss the possibility that damage to the optic chiasm might have reduced retinal input to central nervous system structures that mediate this inhibition in intact rats; missed rats had equivalent optic chiasm damage to that of SCN rats, but their responses were indistinguishable from those of controls.
In investigating this phenomenon further, we found that in intact rats the rise of Tb after a novelty test at night strongly depends on whether the lights are on or off during the test (Wachulec et al., 1996) . In the present study, the lights were on during the test. If the entire experiment is conducted in the dark, then the Tb of intact rats does indeed go higher and the results are indistinguishable from tests during the day
In two other studies that tested stress-induced changes of Tb at night in the dark, Tb rose to at least the same level as that during the day (Briese and Cabanac, 1990; Long et al., 1990b) . Thus, it appears that light can inhibit the effect of novelty on Tb, but only in normal rats; it does not have this inhibitory effect in SCNX rats.
Our SCNX rats exposed to cold for 2 h were as good in defending normal Tb as were rhythmic animals (Fig. 5 ). Thus, it is likely that heat conservation and heat production mechanisms are not impaired after SCN ablation. However, without measurements of oxygen consumption, shivering, and vasomotor change, there is no way of knowing whether SCNX rats use the same mechanisms as do normal rats to maintain their Tb in a cold environment. Refinetti (1995) found similar results in SCNX hamsters under conditions that would be conducive to cold adaptation. The hamsters were exposed to milder cold (12 and 6°C vs. 2°C in our study) and kept there for a much longer time (10 days vs. 2 h in our study). SCNX hamsters maintained their Tb at the same level as did controls. Thus, the persistence of homeothermy in the cold after SCN lesions is not restricted to one species and is independent of factors such as cold severity or the duration of exposure. The results also support the hypothesis that the deficits in cold defense mechanisms observed in aged animals with poor CTRs are related to aging processes in thermoregulatory homeostatic mechanisms and have nothing to do with arrhythmia (Refinetti et al., 1990) .
Finally, there is the question of why some of the SCNX rats lost their CTRs and some did not. These results are similar to those reported by Kittrell (1991) .
As she remarked, &dquo;At present, there are no obvious histological differences between the completely lesioned animals in these two studies. The results, however, suggest that there must be some specific differences and that more sophisticated histological techniques will be required in future studies to identify them&dquo; (p 243). Although we used the &dquo;more so-phisticated&dquo; histological technique of immunocytochemistry, we still cannot distinguish between those lesions that leave the CTR and those that abolish it. In summary, we did not find any deleterious effect of SCN lesions that eliminated or reduced the CTR on the persistence or functioning of thermoregulatory homeostatic responses to cold, novelty, and bacterial infection. However, there was a curious difference between SCNX and normal rats with respect to the rise of Tb in a novelty test at night, which we are presently exploring further.
